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doi:10.1016/j.jmu.2012.04.001Superharmonic imaging (SHI) benefits medical ultrasound imaging in achieving higher spatial
and contrast resolution but gives poor signal-to-noise ratio (SNR) and penetration depth that
require careful control on excitation power and frequency. In the present work, coded pulsed
excitations (linear frequency modulated and nonlinear frequency modulated signals) are used
to evaluate the superharmonic field generation and propagation (coded tissue superharmonic
imaging). The evaluation includes the study of parameters such as peak side lobe level, beam
width, axial level for analyzing SNR and penetration depth. The results for coded tissue SHI are
reported in comparison with conventional SHI and with the performance of coded tissue
harmonic imaging and fundamental ultrasound imaging.
ª 2012, Elsevier Taiwan LLC and the Chinese Taipei Society of Ultrasound in Medicine.
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Superharmonic imaging (SHI) [1] is the most talked about
future development in echography. The nonlinearity in
sound propagation distorts the shape of the wave and
results in the development of harmonic frequencies. The
superharmonic component is comprised of all higherd, Department of Electrical
chnology Roorkee, Roorkee
et.in (R.S. Anand).
C and the Chinese Taipei Societyharmonics after the second harmonic component. This can
be achieved using a wide band receiving filter that selects
the desired higher harmonic frequencies, generally ranging
from the third to fifth harmonic [2]. The specialized inter-
leaved array transducer [3,4] has also been designed, which
has confirmed the advantages of SHI. However, it has also
been reported that it suffers from unwanted harmonic
ripples in the frequency band, which generates ghost
echoes. This limits the usefulness of SHI with limited
penetration and signal-to-noise ratio (SNR). Recently,
a dual pulse method [5,6] was proposed to avoid ghost
echoes but it suffers from reduced frame rate and high
attenuation. For this, coded excitations can be used, which
have been used earlier for second harmonic imaging andof Ultrasound in Medicine. Open access under CC BY-NC-ND license.
102 N.D. Londhe, R.S. Anandhave shown improved SNR. Coded excitation using
frequency modulated (FM) signals (chirps) have previously
shown promising results in vitro [7] and in vivo [8] for
fundamental imaging [8] and second harmonic imaging
(THI) [9].
SHI of tissue medium with coded excitations can be
recognized as coded tissue SHI (CTSHI). Coded excitations
have been used extensively in radar systems. Their appli-
cation to medical ultrasound was observed in the 1970s
when they were first used to improve the performance of
flow estimation by Ohtsuki et al [10] and in ultrasound
imaging by Takeuchi et al [11,12]. Later, O’Donnell [13]
discussed the expected improvement in SNR of medical
ultrasound, concluding that coded excitation can poten-
tially yield an improvement of 15 to 20 dB. Subsequently
Misaridis [14,15] suggested coded imaging strategies for
linear array imaging with high frame rate and it has been
shown that it can increase the frame rate by a factor of 2
without any degradation in image quality and by a factor of
5 if a slight degradation can be tolerated.
In the present article, a simulation study was performed
to study the effects of linear FM (LFM) and nonlinear FM
(NLFM) excitations on three generations of ultrasound
imaging. We have also computationally checked future
possibilities for enhancing the SNR, penetration depth, and
resolution of ultrasound images. This study has shown
a new phase in ultrasound imaging: CTSHI. For this purpose,
a well-established and validated angular spectrum algo-
rithm [16] for diffraction along with the time domain
solution of Burger’s equation have been used to simulate
coded pulse propagation in nonlinear tissue medium.C
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Fig. 1 (A) Instantaneous frequency vs time; (B) LFM chirp wav
function, obtained with center frequency 2 MHz, bandwidth 1 MHzMethods
LFM pulse/chirp
Pulse compression comprised of all the pulses with some
kind of frequency modulation and its simplest form is LFM
signal. A unit amplitude frequency modulated pulse having
linear variation of instantaneous frequency, fi with time,
t and expressed as:
fiZfc þ B
T
t;
T
2
 t T
2
ð1Þ
where fc is the center frequency, B the pulse bandwidth
and T the pulse duration. The parameter B/T is often
denoted as m, and referred to as the FM slope or the rate of
FM sweep. The pulse linearly sweeps the frequencies in the
interval fc - B/2 to fc þ B/2. The linear FM pulse with fc
expressed as:
zðtÞZwtðtÞ:exp

j2p

fc þ B
2

tþ B
2T
t2

ð2Þ
where wt(t) is weight function. Tukey window is used as
weight function. The linear FM pulse, as shown in Fig. 1,
will be used in the simulations; its frequency spectrum and
time autocorrelation are also shown.
NLFM excitation
In NLFM chirp, the frequency ramp is nonlinear, with
a steeper slope at the beginning and end of the pulse. TheD
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eform; (C) its frequency spectrum; (D) time autocorrelation
and pulse duration of 25 ms.
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Fig. 2 (A) Instantaneous frequency variation with pulse
time; (B) normalized NLFM pulse; and (C) the autocorrelation
function obtained with center frequency, fc Z 2 MHz, band-
width, Df Z 1 MHz (0.5) and pulse duration of 25 ms.
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Fig. 3 (A) Conventional short pulse of frequency,
fcZ 2.0 MHz. (B) Axial spectral profiles and (C) lateral spectral
profiles at zZ 35 mm of fundamental (solid), second harmonic
(dashed) and superharmonic (dotted) frequency components.
Coded Tissue Superharmonic Imaging 103corresponding spectrum is tapered with lower magnitude at
its edges. These spectral shaping results in the autocorre-
lation function exhibiting attenuated sidelobes.
As the matched filter will be used as the coding oper-
ator, the phase of the transmitted pulse will be completely
canceled, so the phase has no influence on the axial profile
after compression. To illustrate this, consider the desired
spectrum of the excitation waveform:
ZðfÞZCdðfÞejεdðfÞ ð3Þ
where the matched filtered spectrum would be
ZðfÞ ZðfÞZCdðfÞejεdðfÞCdðfÞejεdðfÞZjCdðfÞj2 ð4Þ
The axial profile will be determined by the squared
amplitude spectrum of the transmitted waveform.Table 1 Parameters used in simulation.
Parameter Values
Medium parameters
Nonlinear coefficient B/A 5.2
Peak pressure P0 400 kPa
Density r 1000 kg/m2
Speed of sound c 1540 m/s
Attenuation coefficient a 0.3
Power law b 1.1
Transducer parameters
Transducer type ‘Circular’
Transducer radius a 0.01 m
Azimuthal focal length Fa 0.05 m
Elevation focal length Fe 0.05 mHowever, the phase of the spectrum will influence the
amplitude of the transmitted waveform. The most widely
used polynomial phase function, is given by:
εdðfÞZargfFðuðnÞsinð2pFðtÞÞÞg ð5Þ
where is the taper function. The phase function can be
described as:
FðtÞZ
XS
kZ0
ck
k!
tk ð6Þ
where S is the order of the polynomial, are the coefficients
of the polynomial. When cn Z 0 for n > 2, this reduces to
the LFM chirp. The instantaneous frequency for this signal is
fiðtÞZ d
dt
FðtÞZ
XS
kZ1
ck
ðk 1Þ!t
k1 ð7Þ
And the chirp rate is
gðtÞZ d
dt
fiðtÞZ
XS
kZ2
ck
ðk 2Þ!t
k2 ð8Þ
Fig. 4 Azimuthal spectral profiles generated with conventional short pulse for a 2 MHz circular transducer of radius 10 mm and
focusing at 50 mm in both azimuthal and elevation directions. (A) Complete beam spectral profile; (B) fundamental spectral profile;
(C) second harmonic spectral profile; and (D) superharmonic spectral profile.
104 N.D. Londhe, R.S. AnandClearly, for a phase polynomial of order N, a chirp rate
polynomial of order (N e 2) is needed. The task now
becomes to find a specific that yields the desired. More
specifically, the task now becomes to find a specific that
yields the desired .
While is a function of time, is the chirp rate at a partic-
ular frequency. Initially from symmetry conditions,
gfð0ÞZgð0Þ; gf

B
2

Zg

T
2

ð9Þ
and more generally
gfðfiðtÞ  fcÞZgðtÞ ð10Þ
Consequently
gðtÞZ gð0Þ
uðfiðtÞ  fcÞ ð11Þ
needs to be solved with the constraint
Z
T
2
T
2
gðtÞdtZB ð12Þ
Here B and T are the bandwidth and duration of pulse.
This suggests the following iterative procedure for
finding :
1) Select an initial consistent with a LFM chirp, i.e.
2) Integrate to calculate.
3) Adjust and .to meet the B constraint.
4) Calculate and then a new.
5) Repeat steps 2 to 5 until convergence.After convergence, get the instantaneous frequency
function, fi and construct the nonlinear FM signal as:
vðtÞZsin
0
@2p
Zt
0
fiðtÞdt
1
A; 0 t T ð13Þ
Fig. 2A shows the nonlinear variation of instantaneous
frequency with time, the equal tapering on both sides of
center frequency by solving according to the above itera-
tive procedure. Fig. 2B shows the 2 MHz, 1 MHz bandwidth
nonlinear FM pulse generated and Fig. 2C shows its time
autocorrelation function.
Results
For all the simulation results reported in this study, the
pressure field was generated by a single focused circular
transducer. Both the medium and transducer characterized
by the parameters listed in Table 1.
Conventional THI and SHI
Fig. 3A shows a conventional short tone burst used in
ultrasound imaging and Fig. 3B shows the spectral profiles
of the fundamental, second harmonic, and superharmonic
components of the lossy, nonlinear field generated from
conventional pulse along the transducer axis. At the
transducer surface, the second harmonic energy is about
23 dB below fundamental energy, and the second harmonic
imaging energy is 15 dB below the fundamental energy. The
superharmonic component builds up along the axial
distance similar to the fundamental and second harmonics.
And at the focal region, superharmonic energy remains
12 dB below the fundamental while second harmonic dips
Fig. 6 Azimuthal spectral profiles generated with LFM pulse for
50 mm in both azimuthal and elevation directions. (A) Complete bea
harmonic spectral profile; and (D) superharmonic spectral profile.
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Fig. 5 (A) Linear FM (chirp) signal of center
frequency Z 2.0 MHz and bandwidth Z 0.5. (B) Axial spectral
profiles and (C) lateral spectral profiles at z Z 35 mm of
fundamental (solid), second harmonic (dashed) and super-
harmonic (dotted) frequency components.
Coded Tissue Superharmonic Imaging 10528 dB below fundamental energy. Therefore, the strength
of the superharmonic component is significantly higher at
imaging distances. The amplitude of individual higher
frequency components may be low but their combination
into a single frequency component using a wide band
receive filter boosts the superharmonic energy.
As shown in Fig. 3C, the beam width is 3.75 mm, 8.12
and 6.87 for superharmonic, second harmonic and funda-
mental components, respectively. The narrow beam width
using the superharmonic results in an enhancement in
lateral resolution by a factor of two as compared to second
harmonic and fundamental components.
The peak side lobe level (PSL) of the superharmonic
component is found to be lower (12.45 dB) than second
harmonic (10.11 dB) and fundamental (11.26 dB)
components. This indicates that superharmonic energy is
substantially concentrated in the central part of the beam
and hence suppression of side lobes is far better in super-
harmonic as compared to fundamental and second
harmonic. Fig. 4A shows the complete field distribution,
while Fig. 4BeD shows the fundamental, second harmonic,
and superharmonic field distributions of the transducer over
a plane defined by the axial and lateral coordinate axes.
Linear THI and SHI
Fig. 5A shows the LFM signature used for exciting a circular
ultrasound transducer for imaging. The axial spectral
profiles of fundamental, second harmonic and super-
harmonic are shown in Fig. 5B. The second harmonic energy
is 40 dB below fundamental energy while superharmonic
energy is 33 dB below fundamental at the surface of the
transducer. The superharmonic component builds faster
along the transmission distance and becomes maximum at
the focal point, after which, it remains close to the seconda 2 MHz circular transducer of radius 10 mm and focusing of
m spectral profile; (B) fundamental spectral profile; (C) second
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106 N.D. Londhe, R.S. Anandharmonic. By the end of the propagation distance, the
superharmonic and second harmonic components remain
43 dB and 48 dB below fundamental energy, respectively.
Thus superharmonic imaging with LFM modulated excita-
tion energy was found to be promising at imaging distances.
Fig. 5C shows the lateral spectral profiles of funda-
mental, second harmonic, and superharmonic frequency
components. From this, the beam width of superharmonic,
second harmonic, and fundamental components are found
to be 3.75 mm, 8.12 mm, and 14.37 mm, respectively. This
clearly indicates that with LFM excitation, the lateral
resolution for superharmonic imaging is far better than
tissue harmonic and fundamental imaging. Moreover
deposition of superharmonic energy is greater in the central
part of the beam, so adequate reduction in side lobes is
observed. The superharmonic energy available for scat-
tering is 12.54 dB below fundamental energy while second
harmonic energy has higher scattering energy available at
10.14 dB below fundamental energy. So the scattering from
the objects located at the edges of the beam will be less in
CTSHI than in CTHI. Fig. 6A shows the complete field
distribution, while Fig. 6BeD shows the fundamental,
second harmonic and superharmonic field distributions of
the transducer over a plane defined by the axial and lateral
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Fig. 7 (A) Instantaneous frequency pattern given by the
polynomial in Equation 7; (B) nonlinear FM signal of center
frequency, fc Z 2.0 MHz and bandwidth, BW Z 0.5. (C) Axial
spectral profiles and (D) lateral spectral profiles at zZ 35 mm
of fundamental (solid), second harmonic (dashed) and super-
harmonic (dotted) frequency components.Nonlinear THI and SHI
In Fig. 7A, the frequency ramp derived from Equation 7
shown is nonlinear, with a steeper slope at the beginning
and end of the pulse. The corresponding spectrum is
tapered with lower magnitude at its edges. This spectral
shaping results in the autocorrelation function exhibiting
attenuated side lobes, limited to less than 35 dB. Fig. 7B
shows the NLFM pulse generated from Equation 13. From
Fig. 7C, it can be observed that the second harmonic energy
is 62 dB below fundamental energy while superharmonic
energy is 82 dB below fundamental at the surface of the
transducer. Selecting the superharmonic energy for imaging
at the entry of the body will substantially reduce or even
eliminate the imaging artifacts due to reverberations
generated at boundaries in the body. From Fig. 7D, the
beam width of superharmonic, second harmonic, and
fundamental components were 2.6 mm, 1.87 mm, and
1.25 mm, respectively. With NLFM excitation, the lateral
resolution is improved further. At the same time, the side
lobe suppression is also higher with NLFM excitation. The
scattering energy level is declined further in superharmonic
imaging (36.02 dB). The significant side lobe level
(20.03 dB) can also be seen in second harmonic component.
Fig. 8A shows the complete field distribution, while
Fig. 8BeD shows the fundamental, second harmonic and
superharmonic field distributions of the transducer over
a plane defined by the axial and lateral coordinate axes.
The main results from the study are summarized in
Table 2 for all three excitation techniques. The first column
shows levels at the focus, the second shows the beam
widths of 6 dB at the mid propagation distance while the
last column indicates the side lobe suppression parameter
PSL for fundamental, second harmonic, and superharmonic
components.Discussion
SHI and THI take the benefit of the nonlinear wave propa-
gation of ultrasound waves in tissue and the associated
generation of higher harmonics to obtain potentially
improved resolution. However, the higher harmonics are
weak initially and further weaken due to frequency
dependent attenuation as compared to the fundamental
frequency component; it may be beneficial to use coded
excitations to improve SNR and penetration depth. There
Fig. 8 Azimuthal spectral profiles generated with NLFM pulse for a 2 MHz circular transducer of radius 10 mm and focusing of
50 mm in both azimuthal and elevation directions. (A) Complete beam spectral profile; (B) fundamental spectral profile; (C) second
harmonic spectral profile; and (D) superharmonic spectral profile.
Coded Tissue Superharmonic Imaging 107are significant observations above pertaining to propaga-
tion of conventional FM, LFM and NLFM pulses, such as
a behavioral study of second harmonic and superharmonic
components, and improvement in resolution, SNR, and
penetration depth.
The superharmonic frequency component of the dis-
torted ultrasound wave provides substantial improvement
in resolution, as has been reported by various researchers.
But with the coded excitation the resolution has been
further improved. The beam width of the superharmonic
lateral beam profile is reduced minutely with linear FM
pulse (Fig. 5C) as compared to conventional short pulse, but
with nonlinear FM excitation (Fig. 7D), the beam width has
reduced substantially by almost three times. In a similar
way, THI has also shown significant improvement in lateral
resolution with NLFM excitation. For conventional THI,
lower and narrower bandwidths used to be selected for
both transmission and reception to avoid overlapping of
fundamental and second harmonic, but use of a wide band
transmit and receive filter for SHI will ultimately lead to
improved axial resolution.Table 2 Comparison of beam width and peak side lobe level a
nents with three excitation schemes.
Excitation Imaging Axial level (dB
Conventional short pulse Fundamental 1.12
Second 32.09
Super 12.10
LFM pulse Fundamental 2.08
Second 52.11
Super 34.05
NLFM pulse Fundamental 1.03
Second 49.06
Super 48.0The superharmonic component with all three types of
excitation enters the body with lower energy levels. This
may avoid the image artifacts because of reverberations at
the boundaries of the body. The linear summation of higher
harmonics enhances the energy levels of superharmonic
component as compared to second harmonic, and accord-
ingly improves the SNR with conventional FM and LFM
(Figs. 5B and 7B) excitations. While with NL FM excitation,
the superharmonic level at focal point is higher, which
leads to considerable improvement in SNR. In nonlinear
CTSHI, medium nonlinearity must cause complex frequency
couplings, and generation of harmonics and their sum and
difference. This may lead to a strong superharmonic field,
which will accordingly improve the SNR. After the focal
point, the superharmonic starts to attenuate with higher
rate in the case of conventional FM and LFM while it
attenuates with very slower rate in NLFM imaging. The peak
side lobe level encounters substantial improvement with
NLFM excitation (36.02 dB) as compared to conventional
short pulse (12.45 dB) and LFM excitation (12.54 dB).
The nonlinear frequency distribution across the duration oft fundamental, second harmonic and superharmonic compo-
) Beam width (mm) Peak side lobe level PSL (dB)
6.87 11.26
8.12 10.11
3.75 12.45
14.37 10.31
8.08 10.14
3.55 12.54
2.60 11.65
1.87 20.03
1.25 36.02
108 N.D. Londhe, R.S. Anandpulse leads to significant suppression of side lobes and thus
of scatterered beams in the region of the beam edges. This
will reduce the noise level in ultrasound images and all
energy can be focused on the testing object. This will surely
lead to improved SNR (by almost 24 dB) and penetration
depth as well. It has also been found that there is also
a considerable enhancement of SNR (almost 10 dB) in
nonlinear CTHI as compared to THI and linear CTHI.
Conclusion
Low SNR and penetration depth have been major concerns
for researchers, resulting in ultrasound imaging lagging
behind other imaging modalities. From the above results
and discussion, it can be concluded that coded excitations,
LFM as well as NLFM, enhance resolution, SNR, and pene-
tration depth. NLFM pulses in particular enhance SNR as
well as resolution for SHI by a factor of three and can also
penetrate deeper to investigate critical human organs. The
significant improvement in resolution may bring ultrasound
imaging in line with high-resolution techniques such as
magnetic resonance imaging. In conclusion, CTSHI can be
considered as an improved stage of SHI as well as THI. The
improvements in second harmonic imaging with NLFM pul-
ses are also considerable, so existing probes for THI can be
used for CTHI with minor technical and processing modifi-
cations. Rigorous experimental studies are needed to
evaluate CTHI and CTSHI. Further studies can be done on
signal processing and optimized selection of instantaneous
frequency pattern in nonlinear CTHI and CTSHI. More work
towards coding of excitation may be possible.
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